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Abstract 

\ It is proposed that supersymmetry (SUSY) maybe used to understand fermion mass hierarchies. 

<N ■ 

A family symmetry Z%l is introduced, which is the cyclic symmetry among the three generation 
SU(2) doublets. SUSY breaks at a high energy scale ~ 10 11 GeV. The electroweak energy scale 
~ 100 GeV is unnaturally small. No additional global symmetry, like the R-parity, is imposed. 

m : The Yukawa couplings and R " parity violating couplings a11 take their natural values which are 

0(10° — 10 2 ). Under the family symmetry, only the third generation charged fermions get their 



masses. This family symmetry is broken in the soft SUSY breaking terms which result in a 



On 
(N 

hierarchical pattern of the fermion masses. It turns out that for the charged leptons, the r mass 
is from the Higgs vacuum expectation value (VEV) and the sneutrino VEVs, the muon mass is 



due to the sneutrino VEVs, and the electron gains its mass due to both Z%l and SUSY breaking. 



Q_i' The large neutrino mixing are produced with neutralinos playing the partial role of right-handed 

neutrinos. \V e z\ which is for v e — v T mixing is expected to be about 0.1. For the quarks, the 



third generation masses are from the Higgs VEVs, the second generation masses are from quantum 
corrections, and the down quark mass due to the sneutrino VEVs. It explains m c /m s , m s /m e , 
nid > m u and so on. Other aspects of the model are discussed. 
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I. INTRODUCTION 



In elementary particle physics, SUSY [1] was proposed for stabilizing the electroweak 
(EW) energy scale 

as 

which is otherwise unnaturally small compared to the grand uni- 
fication scale 3 x 10 16 GeV {4, 5]. The study of the cosmological constant Q], however, 
suggests that unnaturalness of 10 120 fine tuning might be just so from the anthropic point 
of view. It was argued that the string theory even supports the emergence of the anthropic 
landscape Q]. This led to a consideration of giving up naturalness of the EW scale 



To keep gauge coupling constant unification and the dark matter, the so-ca 
[s[ Q] was invented which has new features phenomenologically [ll|, 



13 



led split SUSY 



14, hj. 



In Ref. 



161 ]. it was asked that if SUSY is not for stabilizing the EW scale, what else 



job does this beautifully mathematical physics do in particle physics, other than gauge 
coupling unification and the dark matter? We proposed to make use of SUSY to understand 
the lepton mass hierarchies. The flavor puzzle, namely the fermion masses, mixing and 
CP violation, in the Standard Model (SM) needs new physics to be understood 13]. The 
empirical fermion mass pattern is that the third generation is much heavier than the second 
generation which is also much heavier than the first. This may imply a family symmetry 



is, 



19 



201 ] . We first considered the charged leptons. By assuming a cyclic symmetry 



among the SU(2) doublets Lj (i = 1,2,3) of the three generations [19J, |20j, only the tau 
lepton gets mass, the muon and electron are still massless. The essential point is how the 
family symmetry breaks. Naively the symmetry breaking can be achieved by introducing 
family- dependent Higgs fields. We observed that SUSY naturally provides such Higgs-like 
fields, which are the scalar neutrinos. If the vacuum expectation values (VEVs) of the 
sneutrinos are non- vanishing, 7^ 0, the R-parity violating interactions LiLjE^. 2l|, |22| . 
with denoting the anti-particle superfields of the SU(2) singlet leptons, contribute to 
the fermion masses, in addition to the Yukawa interactions. This is the origin of family 
symmetry breaking. The above idea has been proposed for some time 19|, |20|]. Because 
SUSY had been used to stabilize the EW scale, that idea suffered from severe constraints. 
For example, the r-neutrino should be 10 MeV heavy 23j. It is a liberation if SUSY has 
nothing to do with the EW scale. Because the SUSY breaking scale is very high, the 
neutrinos are light. Furthermore, there is no need to introduce the R-parity or the baryon 
number as a symmetry. 
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In this paper, after refining the lepton sector, we include discussion of the quark masses. 
To understand the large ratio of the top quark mass and the bottom quark mass, we assume 
that tan {3 is large. Numerically we make modification correspondingly. While the r-lepton 
mass is from the down- type Higgs VEV ~ 10 GeV, the muon mass is due to t>j, ~ Xv j 
with A standing for the trilinear R-parity violation couplings. It is natural A ~ 10 _1 like 
the Yukawa couplings for the r mass. The muon mass tells us then v j ~ 1 GeV. 1 GeV v^s 
could induce a large lepton number violating effect, namely a large neutrino Majorana mass 
if the neutralinos are not heavy, due to m v ~ (g 2 Vi) 2 /M^, where g 2 is the SU(2) L gauge 
coupling constant, and M% is the gaugino mass. When we take M% — 10 11 GeV, the above 
formula can produce a neutrino mass needed to explain the solar neutrino problem. 

This paper is organized as follows. In Sect. II, we will review, improve and expand the 
discussion of the lepton sector lf|. Quark sector is studied in Sect. III. In addition to 
the quark masses, mixing and CP violation are considered. Sect. IV gives the low energy 
effective theory. It will be easy and clear to discuss the neutrino masses and the lepton 
mixing in a separate section which is Sect. V. Sect. VI discusses some important and 
interesting aspects of the model. A summary is given in the final section. 

II. LEPTONS 

In our model the Z%l family symmetry, that is invariance under L\ — > L 2 —>■ L3 — > 
Li, mentioned in the beginning is assumed, which however is softly broken. The gauge 
symmetries and the matter contents in the full theory are the same as those in the SUSY 
SM. When the family symmetry is considered, the relevant kinetic terms should be written 
in a general form which keeps the symmetry, 



* / eeee 

where H\ and H 2 are the two Higgs doublets, a, j3, 7 are 0(1) coefficients. The case of that 
a = 1 and (3 = 7 = is a special one of above expression. The superpotential is 



W = "%£ Li)H 2 E^ + XjilnL* + L 2 L 3 + L 3 L X )E^ + JlH x H 2 + $H X £ L t , (2) 




(1) 
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where y/s and A/s are the coupling constants, p, and jl' are mass terms. It is natural that 
their order closes to the scale of soft SUSY breaking masses. The Lagrangian of soft SUSY 
breaking masses is 

C so fti = M W WW + \\ ■////. 

+m 2 h h\h 1 + m\h\h 2 + mf L .. ijlj + mf R .. e*e 3 (3) 

+(5 A M 2 + B^hJi + mfh\k + h.c.) , 

where W and Z stand for the charged and neutral gauginos, respectively, hi, hi, k and 
are the scalar components of Hi, H 2 , Li and Ef respectively. Note that explicitly breaking 
of Z 3 l is introduced in the soft mass terms. The soft masses are assumed to be very large 
around a typical mass m s . The trilinear soft terms should be also included, 

£.soft2 = rhijUhiej + m ijk lilje k + h.c. . (4) 

The mass coefficients which we denote generally as rhs can be close to ms- 

The expression of the kinetic terms is not yet in the normalized canonical form. The 
standard form 

£ D (HlH u + H'jH' d + L% + L\L, + L?L' T ) (5) 
is achieved by the field re-definition: 



H u = Hi, 



H' d = M^ + T^EM > 

V i / 

Lfj, = ^=(L 1 -L 2 )cos9 + ^=(Li + L 2 -2L 3 )sme, 

L e = -^=(Li-L 2 )sm9 + ^=(Li + L 2 -2L 3 )cos9, 
v 2 v 6 



where 



Cl 

and 6 can not be determined until muon mass basis is fixed 
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The superpotential is then 



W = JE \y^ H 'd L 'rK + L e L,(X T E c T + X,E;) + f,H u H' d + ii'H u L' T , (8) 

where 



EZ is defined as 



2 . V3 r 

v/a + 2/5-7 2 a + p 

l /„ £'\ , 1 /„ A' 



e c t = ¥Le°, (10) 

2/t 



(9) 



where y T = yJ2j \Vj\ 2 - ^ i s orthogonal to E%, A T and A M are combinations of yj's and A/s. 
Because of the Z 3 l symmetry, the superpotential is without the field E c e which is orthogonal 
to both El and E° 

To look at the fermion masses, we simply rotate the bilinear R-parity violating term away 
via the field re-definition, 

H d = -(^H' d + ^L' T ), L T = -^'H' d -fiL Tl ), (11) 



where fi = a/// 2 + fi' 2 ■ It is trivial to see that the kinetic terms are diagonal in terms of H d 
and L T . The superpotential is 

W = -y T H d L T E c T + L e L^\ T E c T + A M ££) + flH u H d . (12) 

The Z%l family symmetry keeps the trilinear R-parity violating terms invariant. As we have 
expected Higgs field H d contributes to the tau mass only and the sneutrinos in L e and L M 
contribute to the muon mass, after they get VEVs. The VEVs of L e and imply the 
breaking of the Z$l symmetry as can be seen explicitly from Eq. (J6]). The electron remains 
massless because of absence of the E c e field in W. A hierarchy among charged leptons is 
obtained. 

The breaking of the family symmetry originates from the soft SUSY masses. For sim- 
plicity and without losing generality, we assume that the soft terms in Eqs. ([3]) and (prj are 
rewritten as 

c SO ft = .u u li ir • M//./. 

+m 2 hu hlh u + m\h\h d + mljtfa + mf RaS e*J p (13) 
+ {B^h u h d + B^hJa + m a pl a h d ep + m a ^J^-y + h.c.) , 
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where a = e, fi, r. 

The key point of the form of the scalar masses lies in the (h u h d IjJ mass-squared matrix, 



/ 



ml B, B, e B^ B, T \ 



B, ml 
ml 








\B, T 








ml 













(14) 



</ 



of which the eigenvalues are 



Ml 



Mi 



m l u + m l d 



\ 



+ 



\ 



m 



mt 



+ (B,) 2 + ^(B,J ; 



(15) 



Ml 



Ml 



mt 



It is understood that ml and ml appeared in the matrix Eq. (fT4l) denote the sum of the 
squared soft masses and the squared masses generated from the superpotential. m\ can be 
negative. The analysis goes in the similar way as in Ref. Qj. By fine-tuning, M\ ~ — m 2 EW , 
namely the EW symmetry breaking is achieved. The tuning is at the order of m\jm\ 
In our case, in addition to the Higgs doublets, l a fields also get VEVs, 



VuT^O, v d ^0, v ia ^0 



(a 



e, [M, t) 



(16) 



The relative size of these values are determined by the soft mass parameters. It is easy to 
show from Eqs. (HU) and ([TS]) that v ia /v d = B^/B^ and v ia /v^ = B^ a /B^ p . It is therefore 
possible that hierarchies among v u , Vd and vi a occur if there are hierarchies among the B^s. 
Note that the L a numbers break explicitly in the soft mass terms, nonvanishing vijs do not 
result in any massless scalar. Because there is only one light Higgs doublet, the tree- level 
flavor changing neutral current (FCNC) does not appear. The hierarchical charged lepton 
mass pattern is obtained from Eq. ffl2l explicitly, 



y T v d , m M ~ K\/ V l + V l 



m e 



0. 



(17) 



Numerically it is required that Vd ~ 10 GeV and \/vf e + vf u ~ 1 GeV. A careful analysis 
will be given in Sect. V. 




FIG. 1: B^ a induces a large lepton-Higgsino mixing via one loop. 



It is important to note that masslessness of the electron is kept by SUSY. Generally, 
family symmetries keep the muon and electron massless. Once the family symmetry is 
broken, however, both muon and electron get their masses. And there is no reason to expect 
a hierarchy between the muon mass and the electron mass. In this model, it is the simplicity 
of the superpotential Eq. (jSj) that makes the electron massless even if the sneutrino VEVs 
are non-vanishing. The simplicity comes from SUSY. The non-vanishing electron mass is 
therefore due to SUSY breaking effects, as will be seen later. 

If large V[Js are safe should be studied. In addition, it should be also considered that 
huge B lla 's induce large lepton-Higgsino mixing. The inducement happens at the loop-level 



1Qti 2 M? 



which is about 



through the gaugino exchange, as shown in Fig. [T] S 

10 -3 m,s. By denoting h as Higgsinos, the mass matrix of u a and the other neutralinos is 
given as 



- % ( v e v T h° d h° u Z 



( 











m eh 






(v.\ 














m^h 




















m Th 


avi T 


















~P 


av d 




K 


m eh 




m Th 


-p, 





-av u 




K 



(18) 



\ av ie av^ avi T av d -av u j 

where a = — ^-) 1 ^ 2 with g\ being the SM U (l)y coupling constant. We simply obtain the 
three large mass eigenvalues of the above mass matrix by reasonably taking vi a , Vd, v u <^ 

Ai ~ , A 2 ^yu, A 3 ^-yU- (19) 
For the three light neutrinos, an interesting observation is that the mass matrix Eq. (118H is 
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a realization of the see-saw mechanism [24(. In the above mass matrix, we denote Mr being 
the 3x3 lower-right submatrix, and mDirac the 3x3 upper-right submatrix. The heavy 
higgsinos and gauginos play the role of the right-handed neutrinos, a 3 x 3 light Majorana 
neutrino mass matrix is obtained as 

-m Dirilc AQ 1 m£ irac , 



M v ~ 



M 2 



^ Vl e V ie V te V^ Vi e Vi T ^ 

Vl. Vl^h 
\ Vl T Vl e Vi T V^ Vi T Vi T J 



(20) 



The mass matrix is of rank 1. The nonvanishing mass is m v 



Mr 



-vi a vi a . It is very small 



~ KT 1 - lO" 3 eV when M 2 ~ 10 9 - 10 11 GeV and v la ~ (1 - 10) GeV. By introducing right- 
handed neutrinos, the neutrino sector has freedom to accommodate the realistic neutrino 
oscillation data. 

We note that in the superpotential Eq. ffl2|) . the lepton number is violated. However, 
this violation is suppressed by gaugino and slepton masses, it has no observable effects at 
low energies. For example, the loop-induced electron-neutrino mass due to the R-parity 



violating trilinear interactions [19| is m Ui 



IQtt 2 ms 



10" 



lO -0 eV. This is too 



small to be relevant to current neutrino physics. 

The electron mass comes from the loop effects of Z^ violation in the soft terms 19] 
The soft breaking of Z^l generates non-vanishing masses for the charged leptons through 
the one loop diagram Fig. El where x an d I, e c denote the neutral gauginos and charged 
leptons. The mixing of the scalar leptons associated with different chiralities is due to the 
soft trilinear terms in Eq. (fl3|) . which is then about y T fhsVd- The exact formula for the one 
loop induced masses is 



E 



167T 2 mt — m? 

x x i% 



m?, — to? 



In 



+ 



2 2 

Lot t r- 



In 



y T m s v d . 



Approximately it is 



6m: 



a/3 



a y T m s v d 
it m s 



(21) 



(22) 



Taking rhs/ms — 0.1, SM l aj3 ~ O(MeV) which determines the electron mass. Note that the 
loop induced SUSY breaking effects are suppressed by the high SUSY breaking scale m s in 
our case. This is different from the split SUSY case where to x /to^ c ) — > 0. 



S 




FIG. 2: SUSY loop generation of the charged lepton masses, x an d I, e c denote the neutral gauginos 
and charged leptons. 

The loop in Fig. 2 does not cause any SUSY FCNC problem. When a photon line is 
attached to the internal lines, the amplitude of the FCNC process is suppressed by a factor 
Vd/ m s which in our scenario is unobservably small ~ 1CU 9 — 1CU 10 . Therefore the loop gen- 

Durely ordinary SM Yukawa 



251 ] . Actually, whenever the 



erates masses only. In effective theory language, it produces a 
interaction. This point is different from the weak scale SUSY 
SUSY breaking scale is pushed arbitrarily high, while keeping a Higgs unnaturally light, the 
radiative fermion mass generation mechanism is viable. 



III. QUARKS 

Now let us come to the quark masses. Like that of the charged leptons, the quark masses 
also have three origins: the Higgs VEVs, the sneutrino VEV and the loop effects of the 
soft Z%l violating terms. However, the roles of the sneutrino VEVs and the loop effects are 
— Q. The —o VEV 8 eontrihute to the flrSt Ration qUark masses, and the 
loop effects to the charm and strange quark masses. Under the family symmetry Z^l, the 
three quark SU{2) doublets Qi are also cyclic. The Z 3L symmetric superpotential includes 



* i i i v "-*/ 

+X' 2j (QxL 2 + Q 2 L 3 + QsL^D] + X'^Q^ + Q 2 L X + Q Z L 2 )D) , 



where and D\ are the SU (2) singlet superfields for the up- and down-type quarks, respec- 
tively, and are coupling constants. The new soft terms are masses of the squarks 
and the trilinear terms corresponding to Eq. (J23l) . but without Z^l symmetry. The kinetic 
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terms include 

C D [a'QlQi + (3'{Q\Q 2 + QIQs + QlQi + h.c 
with a' and f}' 0(1) being coefficients. They are in the canonical form 

£3 (QlQt + QlQc + QlQu 



by the following field redefinition, 



Qt 



Q c = ^(Q 1 -Q 2 )cos9' + ^=(Q 1 + Q 2 -2Q 3 )sm6' 



Qu = -^=(Q 1 -Q 2 )sm9' + ^=(Q 1 + Q 2 -2Q 3 )co S 9', 
where c' 3 = y/a' — j3', 6' is still an arbitrary parameter. The superpotential is then 
W D y t Q t H u U t c + y b QtH d D c b + Q t L T J2p= b ,s,d Kpty 

+(Q c L e - QuLy) J2/3=b,s,d KpDp + (QuL e + Q C L^) J2/3=b,s,d KpDp , 



where 



Vt 



Vb 



Ej l^l 2 



1 

2/i 



Cl \ C 2 C 1 



A«fc - 



V. A' .y d 

' ' for a = i,c,u, 



cf 1 2 
j 1 



AL — 



A', = 



2c' 2/ u 



Ci C] 



Ci \C 2 Ci 



^[-(v^cos^ - bShOCA'm - A 2i ) + (v^costf' + sin0')(A' u - X' 3i )} , 
2c 3 c 3 

^[(v^sin^ + cos^)(A'i, - A'*) - (V3sin6> - cos0')(A' li - A' 3i )] , 



(24) 



(25) 



(26) 



(27) 



(28) 



and \' as D c s + \' ad D d is that of A^D?, which is orthogonal to 

Note that if we include C/f — > C/ 2 — > C/f — > f/f cyclic symmetry under the Z 3i , the above 
discussion does not change. 
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We see that if only the Higgs fields H u and Hd get VEVs, the top quark and bottom 
quark are massive which will be denoted as and mj, respectively, and the other quarks 
are massless. Once the sneutrino v a has a VEV, additional masses contribute to the down- 
type quarks. In the flavor basis given in Eq. (|27|) . it is interesting to note that the R-parity 
violating couplings relevant only to the first two generations, which can be reduced to X' C j 
and A^-, do not involve any Yukawa coupling yf. Therefore it will be natural if we take 

« >/!■ 

The soft breaking terms contribute masses to the quarks via loops 



20 



261 ] . The way 



is the same as that producing the electron mass in Fig. 2, except for that the leptons are 
replaced by quarks, and neutralinos by the gluinos g, 



a, 2m~„ 



m% 



1 2 I 2 2 

7T m- — m-c \ mi — m- 

y Hp \ y hc 



In 



m-. 



+ 



2 1 2 

m- m- 

y Ha 



In- qa 



{fh u s {d) ) a pv u{d) . (29) 



9 /3 q /3 . 



In order to make this contribution to be for the second generation only, we simply assume 
that the trilinear soft terms are independent on a (that is they keep the Z%l symmetry) 
(^s)a,s = m s , and that m^ <C rriq 



~ m 



y 



5M, 



u(d) 



2a, 



mi 



a/3 



it m~ — m~ c 



In 



o ~ u!d) 



1)1- 



m- n 



The point is that 5M a p is factorisable, 



(30) 



8K, 



where q stands for u or d. /J is a function of mg and m^ , f a 



u{d) 



~ u(d) 
~u(d) m S V u(d) 

m B y ' = 

' m- a 



Neglecting (u a )'s, the mass matrix is 
/ 



M 



u(d) 



\ 



(31) 



iii- 



2 

m~ 
In- qa 



2 2 2 ' 

mi — mi mi 
y Ha y 



03 



(32) 



\fa 3 ^iX f*A f^A + m T ) 

with a, and $ being (u, c, t) for q being u, and (d,s,b) for q being d. The mass matrix is 
of rank 2. Thus, at this stage, the second family quarks acquire masses. The first family 
remains massless. The above mass matrix determines the eigenvalues to the first order of 
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f q m q /m t Q b \ 
m t (b) 



in 



t(6) 



t(6) 



n? 



c(») 



(|/ „ W|2 +| / ^)|2 )( |^)|2 + | -W|2) 



t(b) 



(33) 



m 



u{d) 



0. 



The order of magnitude of the masses of the second family can be understood naturally. From 
Eq. (1291) . we see that the charm quark to the strange quark mass ratio m c /m s is mainly 
determined by the ratio (m^v u ) / '(rhgVd) if there is no significant difference between the 
masses of the squarks with same chirality. The ratio (rh u v u ) / (rh d Vd) can be nit/m^ ~ (9(10). 
Therefore the large ratio of m c /m s can be considered as a result of m t jm^. It should also 
be noted that in Eq. ( 1291) . we have neglected the other neutral gauginos, photino and Zino, 
because their effects are rather small compared with that of gluinos for the following two 
reasons. One is that a s is large, a s /a ~ O(10); another is that the number of gluinos is 8 
which is also large. Hence the contribution of gluinos is nearly two orders of magnitude larger 
than that of photino or Zino. The radiative mass generation picture of quarks discussed 
above is consistent with that of leptons of Eq. ( 12TT) where it is the electron mass that is 
generated at the one-loop level by exchanging photino and Zino. The fact that the strange 
quark is two orders of magnitude heavier than the electron is thus explainable. 

The quark mixing are then obtained. The mass-squared matrix M q M qj; is diagonalized 

by 

/rq* f q* \ 

J a 2 J a i n \ 

fq 



ft* 

JQ'2 
f q 



Wo 



1 + 



^~q 



„q - q* ~ q 
t(6) - q 



"•o 



'03 



rq ~ q* ~ q 

t(i>) - q 
m m /3 3 



rq ~ q* ~ q 
I a 2 m i3 i ' m !3 i 
t(W - q 



*(i>) - q 



V»3 



(34) 



where f q = a/I/qi | 2 + \fa 2 \ 2 for q being u or d. The quark mixing matrix Vckm is 



x u, rd* _i_ vu fd* 

TT d 

Ja 1 Jn 2 T Ja 2 Jai [ij Pj 



_ ru* rd* _i_ fU* fd* 

~FT d 



fU* rd* p* rd* 

J a ^ J ol>2 J a l 



m 0™3 3 



fU* fd _|_ fU* fd 

J J a^' J ao ■> a 2 

Pi I fu 03 



fu* fd , fu* fd m d 



f u f d 

m d 
mi.rn' 



fu* fd + fu*fd /■fhTm'i 

Ja-^Ja-^ r JQ2JQ2 / Pi P 



f d 



m m 3 3 



+ f 



0^ 



(35) 
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At first sight, we see that the Cabbibo angle |27j V us and V c d are not necessarily small. 
However, there are ways to achieve the smallness, for example, taking = fQ For 
simplicity, by taking |/^J ~ \f$, 2 \ — \f^ 3 \ and ml ~ m^ 2 ~ m^ 3 , the quark mixing matrix 
can be consistent with experimental data. Furthermore, from Eq. (|34[) we explicitly obtain 

Vus = -v; d , v ub ~ -io- 2 v us , v td ~io- 2 v us , v cb ~ ^ ~ o(i(r 2 ). 

(36) 

The first generation quarks get their masses from the sneutrino VEVs |20j. Coming back 
to Eq. ([27]) . we see the quantities A^f; e and A^t>/ M have been implicitly taken to be smaller 
than the masses of the second family. However, they will produce a mass to the down 
quark of the first family. By assuming X' uf3 and X' cf3 ~ 10 -2 , its value can be several MeV 
numerically. In addition, the mass of the up quark of the first family cannot be produced 
in this way. This gives us an explanation of the fact that m^ > m u , and even may bring us 
a solution to the strong CP problem 20]. We should note that in order to keep Eq. (|29|) 
factorisable, that is to make the trilinear soft terms to be the mass origin solely for the second 
generation, we have assumed m? c -C m|. A nonvanishing quantity m~ c /m~ contributes a 
mass to the first generation of quarks ~ m c ( s )^-. For our above picture being valid, m~ c /m~ 
should be smaller than 10~ 3 . 

CP violation originates from the SUSY soft breaking part. In general, there are several 
possible origins of CP violation within the framework of SUSY. The first one is the complex 
Yukawa couplings yt and y b in Eq. (j27j) from which, it is seen explicitly that their phases 
can be absorbed by the redefinition of the quark fields. The second possible origin is from 
the R-parity violating couplings A"s. Their CP violation effect is suppressed by the heavy 
squarks. As for the small down quark mass terms (X'vi a ) c p, and (X'vi a ) u p, not only can most 
of their phases be rotated away, but also are they themselves very small numbers (rrid <C m s ) 
in the mass matrix. Therefore, the R-parity violating terms are also not the source of the 
observed CP violation. In addition, due to the sneutrino VEV can be complex, the sneutrino 
exchange makes CP violating processes. However, these processes are suppressed by the 
heavy sneutrino. The third origin lies in the phases of the soft breaking terms. Such an 
origin is a specific feature of SUSY theories. These phases would in turn enter the quark 
mixing matrix through the radiative mass generation mechanism Eq. (1291) . We note that 
the experimental data of the neutron electric dipole moment does not require these phases 
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to be small in this model, because its SUSY correction is suppressed by the heavy squarks. 
From Eq. (135]) . we see that the Kobayashi-Maskawa (KM) CP violation mechanism [28] can 
be realized. It is the third origin that is the reason CP violation occurs in our model. 



IV. THE EFFECTIVE THEORY AND THE HIGGS MASS 

The light Higgs is the following combination, 

h = a u h u + a d h* d + a e l* e + a^Z* + a T l* , (37) 

where 

Vu v d Vi a 

a u — — , ad — — , a a — — , [6s ) 

V V V 



where v = w v t + v d + Y2 a v i a - The l° w ener gy effective theory is written as 
£ c ff = y T rlrh' { e c T + y^lfjJe^ + y^ T l^e c T + y er l e h^e c T + y^l^e^ 



,2 



M 



z 



c 



(39) 



(40) 



+yttqM c + y tb qth ] b c + y^q Ca hcp + V^Qc^s 

+m 2 tfh - ^{h ] h) 2 + h.c. , 
where the effective Yukawa couplings are 

-X -X -X -X q/3 _ 5M U 

ytt = yta-u , y*6 = yba d , = — — > 2/ cs = — ^— > 

and A is determined by the gauge couplings, 

a 2 

^ = y( a « a « - a *d a d - Oa°«) • ( 41 ) 

The above quantities are given at a high energy scale which isms — 1 11 GeV. At the EW 
scale, their values can be calculated via the renormalization group method. It is expected 
that for most of them, the modification is not significant. We put such a systematic analysis 
for future works. Nevertheless, the Higgs mass should be discussed. As far as this point is 
concerned, our model is the same as that given in Ref. [jjij]. By taking tan (3 ~ m t /mj,, it 



was shown 13j that 

m h ~ 145 ± 7 GeV , (42) 
where the uncertainty includes that of both m t and a s . 
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V. NEUTRINO OSCILLATION 



Implications of the neutrino oscillations to this model need a more detailed study. The 
neutrino masses and lepton mixing deserve a separate section to be discussed. Eq. ( 12 Op 



would be a kind of democratic mass matrix 



29] for neutrinos if vi e ~ v i ~ V\ T . The large 



mixing of the neutrinos would seem to be naturally accommodated. However, this would 
result in a large v e -v T mixing. In addition, as we have mentioned, right-handed neutrinos 
are needed for the realistic neutrino oscillations. 

A SM singlet superfield N is introduced. In the superpotential, the following terms should 
be added, 

W D ~T L i R i N + ^1 N + M 2 NN + k 2 H l H 2 N + k 3 N 3 (43) 
V3 . 

with /tj's being coupling constants and Mj's masses supposed to be large. The linear term 
can be removed away via field redefinition. By defining N = N + uq with no being a constant 
field, we write 

M 2 N + M 2 N 2 + k 3 N 3 = MN 2 + k 3 N 3 + C , (44) 
where M, no and C satisfy 

M + 3k 3 n = M 2 , 

(2M + 3k 3 n )n = M 2 , (45) 
C = —Mn 2 Q — n 3 nl . 

In terms of N, 

WD ~hYl L i H ^ + MNN + k 2 H 1 H 2 N + k 3 N 3 , (46) 

where the constant C is omitted. Note that the field redefinition adds kino/^/3 and /^no 
to p! and jl in Eq. (|2J), respectively. These are simply regarded as redefinition of p! and p. 
Generally the corresponding soft terms can be written down. We assume that N does not 
develop any non-vanishing VEV. (There are other ways to eliminate the purely linear term 
of N with a large mass-squared coefficient. For example, N is assumed being charged under 
a larger gauge group than the SM |30|]. The soft mass of N is assumed to be large enough 
that N has no any non- vanishing VEV.) Through the previous field redefinition, Eq. (146]) 
then becomes 

W D k t H u L t N + MNN + K d H u H d N + k 3 N 3 , (47) 
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where 



Kt ~ 2^ 



T K 2 



q c 2 y ci V c i c i 



c 2 ci/ ci 



(48) 



The last two terms in Eq. (|47[) do not play important roles to our analysis. The first two 
terms contribute a mass term to the neutrino mass matrix by the seesaw mechanism, 

\2 



M 



(49) 



From Eq. fl20l) or fl39|) and the above mass term, the full neutrino mass matrix is 

.... ....... \ 



Vl e V h v le v t 



Vl e Vi T 

y vi T v h v 1t v^ v 1t v 1t + X / 



(50) 



with x being 



M z ( k t v u \ 2 



. We find that realistic lepton physics can be obtained by taking 



x ~ vi t vi t ^> vf + v f ~ 1 GeV 2 . The eigen values are 



m U3 ~ 



Ma 



vf + 



M 



M, 
0. 



X 



X + vf 



(51) 



The solar neutrino problem requires that m U2 — (10 2 — 10 3 ) eV which is achieved when 
~ 10 11 GeV. Suppose v\ T ~ 10 GeV, the atmospheric neutrino problem requires a certain 



cancellation between the terms 



M z 



v 1t and 



(K T V u f 



M 



, in order to make m„ 3 ~ 



10" 1 - 10~ 2 . 



The mass matrix Eq. (|5"U|) is diagonalized by U v 



( 



Vl e 



\ 



V 



o 



(52) 



vi T +x/vi T y/WJJ^ ) 

Going back to the charged lepton masses, the mass matrix is seen from Eq. f[T2l or (159"j) 
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( \v x X T v^ ^ 



M> \,v le X T v le ■ (53) 
y T v d 

To obtain agreement with the experimental data, we assume that y T Vd ~ A r u; ~ A T ^ e ~ 1 
GeV. In this case, the mass eigenvalues are 

m T ~ sJy 2 T v 2 d + \K\ 2 (vl + vfj 



"V - \K\\] v l+ v l 



VrVd 



^y 2 A + \\r?{vl + vl) 



(54) 



0. 



The mass-squared matrix A/l Ai * is diagonalized by t/j, 

/ -Vie V L VrVd 



u. 



\ 



f , 2 + V, 2 



VrVd 



y T Vd 



\ 



V / ^ + |A.| 2 K+<) ^J + |A T | 2 K+<) 

The lepton mixing matrix is V = UjU u . The iv^V mixing is 

IK 2 | 



(55) 



w, 2 +f 7 2 



(56) 



It is 0(1) by taking V[ e ~ . The v ll -v T mixing is 



\ X r\^vl+ V \ 



^y 2 y d + \K\\vl + vl) 



(57) 



A maximal mixing is approached if y T v d is getting equal to \\ T \^Jvf e + vf^. (That is the 
reason we have assumed a large A r ~ 0(1).) The current data show that \V^\ can be as 
small as 0.6 at the 99% CL. 3JJ. Finally the v e -v T mixing is 



c3 1 



\l V l +V l V r 



(58) 



It is small ~ 0.1 if yvf e + vf^/v r ~ 0.1. A generic expectation of \V e s\ is around 0.1 which 
is near to its experimental limit \V e ^\ < 0.17 [311 ] . 
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VI. DISCUSSIONS 



Some important aspects of our model should be discussed. In this framework, we do not 
need to introduce any extra symmetry, like the R-parity, or the baryon number, to forbid 
the proton decay. The interactions of baryon number violation should be included in the 
superpotential in principle, 

W D KjkUfDPt , (59) 

with \'[- k being coupling constants. Here the analysis is essentially the same as that of 
R-parity violation in split SUSY [r]]. Because the sparticles are very heavy, they suppress 
baryon number and some lepton number violating processes to be unobservable, despite 
that the coupling constants of the baryon and lepton number violating interactions are 
large. For example, in the r — > fi + fi~e decay which occurs at tree level, the branching 



ratio is about ~ 10 23 if mj ~ 10 11 GeV. The proton decay measurements constraint 32] 

9 

X'X" < 1(T 27 - J> - . When m s ~ 10 11 GeV and A' ~ 10" 2 , A" is required to be smaller 

(100 GeV)^ 

than 10~ 7 . 

As we have mentioned in Sect. Ill, U?'s can compose a nontrivial representation of Z%l 
symmetry. In this case, the baryon number violating terms in Eq. ( |59|) is written as 

W D V3\'; jk U t c Dp c k , (60) 

where ?7 t c = —=(U^ + U% + U^). This interaction does not lead to proton decays in the 
v3 

massless up-quark case, and A" can be (9(1) numerically. Consider the case of a nonvanishing 
up quark mass, the proton decay rate is suppressed by the up-quark and top-quark mass 
ratio which is (m u /mt) 2 ~ 10~ 10 , and A" can be 10~ 2 . 

From the EW symmetry breaking point of view, this model is nothing but a fine-tuned 
minimal SUSY SM with a high SUSY breaking scale. In spite of losing naturalness of the 
EW energy scale, the radiative breaking mechanism for the EW gauge symmetry (3], 33] 



may still remain in this model, because the situation is similar to that in the minimal SUSY 



SM. This SUSY model does not suffer from the so-called /i-problem 34|. Throughout the 
analysis, pS'> in Eq. ([2]) are not necessarily required to have the same order as that of the 
soft masses. They can be several orders smaller than the soft masses. Furthermore even the 
soft masses are not required to be at the same order. Because these masses are much larger 
than the EW scale, their differences do not cause any inconsistency phenomeno logically. It 

18 



h 




FIG. 3: A Higgsino decays to a Higgs and a virtual gaugino which further goes into a lepton and 
a virtual slepton, the slepton decays to a lepton pair via R-parity violating interaction. 



seems that the unification of the gauge coupling constants is lost. There are arguments [12] 
that the unification can be still true in the case of high scale SUSY breaking. Nevertheless, 
the general trend of approximate unification is still there. This model does not suffer from 
the second fine-tuning of the split SUSY [yj] , because SUSY has no huge split in this model. 

It would be difficult for experiments to verify the model directly, except for the 145 GeV 
rrih and the 0(0.1) # 13 . At low energies, the model is basically the same as the SM. One 
essential feature of this model is that the unnaturally light Higgs has a component of a 
slepton. Related to this point, the model allows for relatively long-lived Higgsinos. We may 
consider a case where their masses are lower than 777.5. If they are loop induced, the Higgsino 
masses are thousand times smaller than mg. A Higgsino decays to a Higgs and a virtual 
gaugino which further goes into a lepton and a virtual slepton, the slepton decays to a lepton 
pair via R-parity violating interaction (Fig. 3). Because this four body decay is suppressed 
by the R-parity violating coupling and double suppressed by ms, a 10 8 GeV heavy Higgsino 
has a lifetime of 10~ 5 sec. 

The cosmological and astrophysical implications should be studied in future works. CP 
violation at high energies > ms has various origins, like the phases in soft SUSY breaking 
terms, in R-parity violating couplings, and in the sneutrino VEV. They might be the root 
of the matter-antimatter asymmetry of the Universe. However at the EW scale, many of 
these sources are suppressed. What left is reduced to the KM mechanism. On the other 
hand, we have noted that there is no natural dark matter candidate in this model. Existence 
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of the dark matter implies that the dark matter is really dark, namely it only has gravity 
interaction with the ordinary matter. 

It should be studied in future works how the soft SUSY breaking terms also break the 
Z^l family symmetry Currently we understand this as follows. The gravity breaks any 
global symmetry like our family symmetry. The superpotential is for particle physics, which 
decouples from the gravity, and therefore keeps the family symmetry. Whereas the soft 
SUSY breaking terms are due to gravitational interaction, they may violate the family 
symmetry explicitly. This model would prefer a large v e -v T mixing, if we had not looked 
at the experimental data for the leptons. A large A r ~ 1 is assumed in order to fit the 
data. In addition, a special structure of the soft breaking terms of the squark was assumed 
to produce the second and first generation quark mass hierarchy. The problem that how 
natural these assumption are also needs further studies. 

There are various particle physics models which do not care the naturalness problem of 
the SM. This model seems to be one of them. However, this model is unique in the sense 
that it makes use of a mechanism which used to be directly for naturalness of the SM. In 
other words, while many other models can be naturalized after their SUSY extension, this 
model is intrinsically unnatural. Unnaturalness is understood by the anthropic principle. 
One meaningful question is then that why are not the SM Yukawa couplings anthropically 
determined? We answer this question from the following aspects. One is that although 
the electron mass might be understood from the anthropic point of view, it is hard to say 
all the Yukawa couplings including the neutrino masses being anthropically determined. 
Theoretically we have given up naturalness in the t'Hooft sense. Rather, Dirac naturalness 
has been emphasized in considering the fermion mass hierarchies. Whether such an effort 
can be justified should be studied in the more fundamental theory. 

Finally we make a remark on the possibility of lowering the SUSY breaking scale from 
10 11 GeV to 1 TeV. This work essentially has made use of SUSY to understand fermion 
masses. The SUSY breaking scale is fixed by the neutrino masses implied by the neutrino 
oscillations. It would be much more interesting if SUSY also plays the role of stabilizing the 
W_sca 
3 
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e [2j. We note that it is still possible that the r-neutrino mass is about 10 MeV 
361 ] (in this case the atmospheric neutrino problem is due to — Sterile oscillation 
which is also yet ruled out experimentally), then the SUSY breaking scale will be about a 
few TeV. In that case the EW energy scale will be marginally natural. 
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VII. SUMMARY 



If SUSY is not for stabilizing the EW energy scale, what is it used for in particle physics? 



Ifl 
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20J , we have proposed that SUSY is 



In this paper, motivated by our previous works 
for flavor problems. A family symmetry Z 3 i, which is the cyclic symmetry among the three 
generation SU(2)l doublets, is introduced. No additional global symmetry, like the R-parity 
is imposed. SUSY breaks at a high scale ~ 10 11 GeV. The EW energy scale ~ 100 GeV is 
unnaturally small from the point of view of the field theory. Under the family symmetry, 
only the third generation fermions get to be massive after EW symmetry breaking. This 
family symmetry is broken by soft SUSY breaking terms. These terms contribute masses via 
loops to the second generation quarks and the electron. Furthermore they induce sneutrino 
VEVs which result in the masses of the muon and the down quark. The neutrino large 
mixing can be obtained. The KM mechanism of CP violation is realized at low energies. A 
hierarchical pattern of the lepton and quark masses are obtained. The Higgs mass of this 
model is about 145 GeV. This point can be tested in the future experiments at Tevatron 
and LHC. It is expected that v e -v T mixing is near to its experimental limit. 
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